Amyloid-b oligomers may cause cognitive deficits in Alzheimer's disease by impairing neuronal NMDA-type glutamate receptors, whose function is regulated by the receptor tyrosine kinase EphB2. Here we show that amyloid-b oligomers bind to the fibronectin repeats domain of EphB2 and trigger EphB2 degradation in the proteasome. To determine the pathogenic importance of EphB2 depletions in Alzheimer's disease and related models, we used lentiviral constructs to reduce or increase neuronal expression of EphB2 in memory centres of the mouse brain. In nontransgenic mice, knockdown of EphB2 mediated by short hairpin RNA reduced NMDA receptor currents and impaired long-term potentiation in the dentate gyrus, which are important for memory formation. Increasing EphB2 expression in the dentate gyrus of human amyloid precursor protein transgenic mice reversed deficits in NMDA receptor-dependent long-term potentiation and memory impairments. Thus, depletion of EphB2 is critical in amyloid-b-induced neuronal dysfunction. Increasing EphB2 levels or function could be beneficial in Alzheimer's disease.
Amyloid-b oligomers may cause cognitive deficits in Alzheimer's disease by impairing neuronal NMDA-type glutamate receptors, whose function is regulated by the receptor tyrosine kinase EphB2. Here we show that amyloid-b oligomers bind to the fibronectin repeats domain of EphB2 and trigger EphB2 degradation in the proteasome. To determine the pathogenic importance of EphB2 depletions in Alzheimer's disease and related models, we used lentiviral constructs to reduce or increase neuronal expression of EphB2 in memory centres of the mouse brain. In nontransgenic mice, knockdown of EphB2 mediated by short hairpin RNA reduced NMDA receptor currents and impaired long-term potentiation in the dentate gyrus, which are important for memory formation. Increasing EphB2 expression in the dentate gyrus of human amyloid precursor protein transgenic mice reversed deficits in NMDA receptor-dependent long-term potentiation and memory impairments. Thus, depletion of EphB2 is critical in amyloid-b-induced neuronal dysfunction. Increasing EphB2 levels or function could be beneficial in Alzheimer's disease.
Soluble amyloid-b oligomers may contribute to learning and memory deficits in Alzheimer's disease by inhibiting NMDA-receptordependent long-term potentiation (LTP) [1] [2] [3] , thought to underlie memory formation 4 . In Alzheimer's disease, hippocampal NMDAreceptor-subunit levels are reduced 5 , and protein levels and the phosphorylation status of NMDA-receptor subunits NR1, NR2A and NR2B correlate with cognitive performance 6 . Human amyloid precursor protein (hAPP) transgenic mice with high brain levels of amyloid-b oligomers have reduced hippocampal levels of tyrosine-phosphorylated NMDA receptors and key components of NMDA-receptor-dependent signalling pathways 7, 8 . Alzheimer's disease patients and hAPP mice have hippocampal depletions of the receptor tyrosine kinase EphB2 9 , which regulates NMDA-receptor trafficking and function by interacting with NMDA receptors and Src-mediated tyrosine phosphorylation [10] [11] [12] [13] . EphB2 regulates NMDA-receptor-dependent Ca 21 influx and downstream transcription factors involved in LTP formation 12 , such as Fos, which is depleted in the dentate gyrus of hAPP mice. Mice lacking EphB2 10, 14 or Fos 15 have impaired NMDA-receptordependent LTP and memory deficits. We hypothesized that EphB2 depletion in Alzheimer's disease-related models is caused by amyloid-b oligomers and that reductions in EphB2 contribute to amyloid-b-induced deficits in synaptic plasticity and cognitive functions ( Supplementary Fig. 1 ). Here we confirm these hypotheses and show that reversing EphB2 depletion in the dentate gyrus of hAPP mice reverses LTP and memory impairments.
Amyloid-b oligomers bind to EphB2
To determine if amyloid-b oligomers interact directly with EphB2, we measured binding of biotinylated synthetic amyloid-b1-42 oligomers to a purified recombinant EphB2-Fc chimaera. Biotinylated amyloidb oligomers and EphB2-Fc were pulled down together by avidin agarose beads ( Supplementary Fig. 2a, b ) and co-immunoprecipitated under cell-free conditions ( Supplementary Fig. 2c, d ). EphB2 and amyloid-b oligomers also co-immunoprecipitated from homogenates of primary neurons ( Supplementary Fig. 2e-g ). Thus, amyloid-b oligomers may interact directly with the extracellular region of EphB2.
This region comprises a ligand-binding (LB) domain, a cysteinerich (CR) domain, and a fibronectin type III repeats (FN) domain (Fig. 1a) . To determine which domain mediates the interaction with amyloid-b oligomers, we generated EphB2-GST deletion mutants lacking the LB domain (DLB-EphB2) or the FN domain (DFNEphB2) (Fig. 1a) . Amyloid-b oligomers bound to FL-EphB2 and DLB-EphB2 but not DFN-EphB2 (Fig. 1b, c) , indicating that the FN domain is critical for their interaction with EphB2.
Deleting the FN domain did not affect trafficking of EphB2 to the cell surface ( Supplementary Fig. 3a ). FL-EphB2 and DFN-EphB2 both phosphorylated the NMDA-receptor subunit NR1 after stimulation with the EphB2 ligand, Fc-ephrin-B2 ( Supplementary Fig. 3b-d) . Thus, deleting the FN domain did not eliminate the kinase function of EphB2. Deleting the LB domain prevented Fc-ephrin-B2-induced phosphorylation of NR1 ( Supplementary Fig. 3b-d) .
Mechanisms of amyloid-b-induced EphB2 depletion
At 3-4 but not 2 months of age, EphB2 messenger RNA and protein levels in the hippocampus were lower in hAPP mice than in nontransgenic controls, and were lower in humans with Alzheimer's disease than in nondemented controls (data not shown), consistent with previous findings 9 . As reported by others 16 , we observed a doublet of putative EphB2 carboxy-terminal fragments (CTFs) of 45-50 kDa in hippocampi of hAPP mice and nontransgenic controls on western blots (not shown). Relative to nontransgenic controls, hAPP mice showed a comparable decrease in CTFs and FL-EphB2 (not shown) and no difference in the ratio of CTF11CTF2:FL-EphB2 (hAPP, 2.7 6 0.36; nontransgenic, 2.3 6 0.59; P 5 0.55 by t test). Thus, pathologically raised levels of amyloid-b do not affect EphB2 cleavage into CTFs.
Treating primary neuronal cultures from wild-type rats with naturally secreted amyloid-b oligomers caused severe EphB2 depletions by 3 days (Fig. 1d-f ). Amyloid-b oligomers reduced EphB2 mRNA levels (Fig. 1g ), but the reduction was subtle and unlikely to account for the severe EphB2 protein depletion.
Amyloid-b-induced depletion of EphB2 was blocked by the proteasome inhibitor lactacystin (Fig. 1h, i) . Bafilomycin, an inhibitor of endosomal acidification, had no effect ( Supplementary Fig. 4b, c) . Compared with amyloid-b treatment alone, treatment of cells with lactacystin alone or together with amyloid-b increased ubiquitinated EphB2 (Supplementary Fig. 4a ). These results indicate that amyloid-b depletes neuronal EphB2 mainly by enhancing its proteasomal degradation.
EphB2 depletion impairs synaptic plasticity
To determine if EphB2 depletion interferes with NMDA-receptordependent functions, we generated lentiviral vectors expressing green fluorescent protein (GFP) and anti-EphB2 shRNA (Lenti-sh-EphB2-GFP) or scrambled control shRNA (Lenti-sh-SCR-GFP). In neuronal cultures, Lenti-sh-EphB2-GFP reduced EphB2 mRNA and protein levels (Fig. 2a, b ) and surface levels of NR1 (Fig. 2c-e) . In cultures coinfected with a mutant EphB2 construct whose mRNA is resistant to sh-EphB2 (Lenti-mut-EphB2-Flag) and Lenti-sh-EphB2-GFP, EphB2 and surface NR1 were not reduced ( Supplementary Fig. 5 ), excluding an off-target effect. Next we examined the effects of sh-EphB2 on expression of the immediate-early gene c-fos, which depends on NMDA receptors and is regulated by EphB2
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. Anti-EphB2 shRNA prevented Fc-ephrin-B2-induced increases in Fos expression in neurons expressing wild-type EphB2, but not in neurons expressing mutant EphB2 (Fig. 2f ) . Thus, depleting EphB2 reduces surface NR1 expression and impairs NMDA-receptor-dependent gene expression.
To explore whether EphB2 depletion accounts for LTP deficits in hAPP mice 8 , we reduced EphB2 in the dentate gyrus of nontransgenic mice. Although granule cells are not very susceptible to degeneration in Alzheimer's disease, perforant path to granule cell synapses are affected early and severely 17, 18 . Two anti-EphB2 shRNAs reduced EphB2 mRNA and protein levels in neuronal culture (Supplementary Fig. 6 ). Mice injected with lentiviral vectors expressing sh-EphB2-308-GFP (Fig. 3a, b) or sh-EphB2-306-GFP ( Supplementary Fig. 7a, b) had lower EphB2 mRNA levels in the F c-e, Reduction of EphB2 levels by Lenti-sh-EphB2-GFP and effect on surface NR1 levels. f, shRNA against wild-type but not mutated EphB2 reduces Fc-ephrin-B2-dependent Fos expression. Primary rat neurons were co-infected or not with Lenti-sh-EphB2-GFP (sh-EphB2) in combination with either Lenti-EphB2 encoding wild-type EphB2 or Lenti-mut-EphB2 (mut-EphB2) encoding a mutated EphB2 mRNA that is not recognized by sh-EphB2. Four days later, cells were stimulated with clustered multimeric recombinant Fc-ephrin-B2 ligand to activate EphB2. n 5 3-6 wells per condition from three independent experiments. *P , 0.05, **P , 0.001, ***P , 0.0001 versus empty bar or as indicated by brackets (Tukey's test). Values are means 6 s.e.m.
RESEARCH ARTICLE dentate gyrus than controls. Transduction efficiencies ( Supplementary  Fig. 8 ) were 50-74% (mean 6 s.e.m., 62.4 6 6.2; n 5 7 mice), consistent with other reports 19, 20 . Field (Fig. 3c ) and whole-cell patch-clamp recordings (Fig. 3e ) from dentate gyrus granule cells in acute hippocampal slices from Lenti-sh-EphB2-GFP-injected nontransgenic mice revealed prominent LTP deficits similar to those in untreated hAPP J20 (Fig. 3d,  f ) and other lines of hAPP mice 21, 22 . Lenti-sh-SCR-GFP-injected nontransgenic mice had robust LTP in the dentate gyrus (Fig. 3c,  e) . Whole-cell recordings from individual GFP-negative granule cells in Lenti-sh-ephB2-GFP-injected mice revealed no LTP deficits, compared with GFP-negative granule cells in untreated nontransgenic mice and GFP-positive granule cells in Lenti-sh-SCR-GFP-injected mice (P . 0.1 by repeated-measures ANOVA, n 5 6 neurons from 3 mice per group; data not shown).
EphB2 depletion reduces synaptic strength
LTP at the medial perforant path to granule cell synapses depends on NMDA-receptor activity 23 . We determined whether impaired synaptic plasticity in sh-EphB2-treated nontransgenic and untreated hAPP mice is related to a selective impairment of these glutamate receptors. NMDA-receptor-mediated, but not a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA)-receptor-mediated synaptic transmission strength at this synapse was affected in sh-EphB2-treated nontransgenic mice (Fig. 3g ) and untreated hAPP mice (Fig. 3h) , as determined by field recordings and analysis of input-output (I/O) curves. These alterations markedly reduced ratios of NMDA-receptorto AMPA-receptor-mediated synaptic strength in both groups (Fig. 3j) . Similar results were obtained by whole-cell recordings from individual granule cells (Fig. 3i, k) . To exclude a contribution of alterations in AMPA-receptor currents to the altered ratios, we recorded pharmacologically isolated, AMPA-receptor-mediated miniature excitatory synaptic currents (mEPSCs). The four groups of mice had comparable mEPSC peak amplitudes (Supplementary Fig. 9 ). Thus, like amyloid-b, EphB2 depletion probably reduces LTP by impairing NMDA-receptor function.
EphB2 rescues synaptic functions in hAPP mice
To determine if increasing EphB2 expression in the dentate gyrus of hAPP mice reverses LTP deficits, we used a lentivirus expressing EphB2-Flag (Lenti-EphB2-Flag). Lenti-EphB2-Flag-treated hAPP and nontransgenic mice had comparable EphB2-Flag expression levels in the dentate gyrus ( Fig. 4a and Supplementary Fig. 10 ). Lenti-empty-treated nontransgenic mice and Lenti-EphB2-Flagtreated hAPP mice had comparable dentate gyrus levels of total (endogenous and exogenous) EphB2 (Fig. 4b) , indicating that EphB2 levels in hAPP mice were normalized. EphB2 levels were lower in Lenti-empty-injected hAPP mice and higher in Lenti-EphB2-Flaginjected nontransgenic mice (Fig. 4b) . Increasing dentate gyrus EphB2 levels reversed LTP deficits in two independent cohorts of hAPP mice but did not alter LTP in nontransgenic mice (Fig. 4c) .
Lenti-EphB2-Flag-treated mice showed a trend towards lower amyloid-b levels in the dentate gyrus ( Supplementary Fig. 11 ), but this trend did not reach statistical significance. At analysis, hAPP mice were 4-5-months old and had not yet formed plaques, excluding EphB2 effects on plaque formation. To determine if LTP rescue was due to improved NMDA-receptor function, we again measured AMPA-receptor-and NMDA-receptor-mediated synaptic strength. Increasing EphB2 levels in the dentate gyrus of hAPP mice reversed deficits in NMDA-receptor-mediated synaptic strength without 
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changing AMPA-receptor-mediated synaptic strength (Fig. 4d, e) , normalizing the balance between them (Fig. 4f ) . Overexpressing EphB2 did not alter NMDA-receptor-or AMPA-receptor-mediated synaptic strength in nontransgenic mice (Fig. 4d-f ). Increasing EphB2 expression in granule cells did not reverse impairments in paired pulse modification at perforant path to granule cell synapses ( Supplementary Fig. 12a ) or in synaptic strength at Schaffer collateral to CA1 pyramidal cell synapses ( Supplementary  Fig. 12b, c) .
EphB2 ameliorates cognitive deficits in hAPP mice
To determine if increasing EphB2 levels in the dentate gyrus also reverses learning and memory deficits in hAPP mice [24] [25] [26] [27] , we injected LentiEphB2-Flag or Lenti-empty bilaterally into the dentate gyrus of hAPP and nontransgenic mice and analysed them behaviourally 2 months later.
Spatial learning and memory in the Morris water maze is strongly affected by dentate gyrus impairments 28 . In the spatial, hidden-platform component, Lenti-EphB2-Flag-treated but not Lenti-empty-treated hAPP mice performed at control levels (Fig. 5a, b) . Overexpressing EphB2 did not alter learning in nontransgenic mice (Fig. 5a, b) . All groups of mice learned similarly well in the cued-platform component (data not shown).
In a probe trial, Lenti-empty-treated but not Lenti-EphB2-Flagtreated hAPP mice took longer to reach the original platform location than Lenti-empty-treated nontransgenic controls (Fig. 5c) . LentiEphB2-Flag-treated nontransgenic mice performed slightly worse than Lenti-empty-treated nontransgenic mice (Fig. 5c ) (P 5 1.0 by one-way ANOVA and Bonferroni post-hoc test).
In the novel object recognition test, Lenti-EphB2-treated but not Lenti-empty-treated hAPP mice spent more time exploring the novel object (Fig. 5d) . In the novel place recognition test, Lenti-EphB2-treated but not Lenti-empty-treated hAPP mice spent more time exploring the object whose location had changed (Fig. 5e) . Thus, increasing EphB2 expression in the dentate gyrus of hAPP mice ameliorates deficits in both spatial and nonspatial learning and memory.
Finally, we assessed passive avoidance learning, which depends at least partly on hippocampal functions 29, 30 . During training, escape latencies were similar across groups (Fig. 5f ). However, 24 h later, Lenti-empty-treated hAPP mice were severely impaired, whereas all other groups performed well (Fig. 5f ). Increasing dentate gyrus EphB2 levels in hAPP mice did not reverse behavioural deficits that were probably caused by impairments of other brain regions, including hyperactivity in the open field and disinhibition in the elevated plus maze (Supplementary Fig. 13 ).
Discussion
Our study shows that EphB2 depletion contributes to amyloid-binduced neuronal deficits and cognitive dysfunction. Reducing neuronal EphB2 levels caused functional deficits similar to those caused by amyloid-b, including deficits in NMDA-receptor-dependent synaptic strength and gene expression and impaired LTP and memory. Increasing neuronal EphB2 levels in hAPP mice reversed these deficits, indicating that EphB2 impairment is necessary and sufficient to elicit them and that increasing EphB2 activity counteracts amyloid-b-induced neuronal dysfunction. Consistent with a previous report 9 , EphB2 depletion in memory-related brain regions was detected not only in hAPP mice, but also in humans with Alzheimer's disease, underlining the potential clinical relevance of our findings. Our data further indicate that the depletion of EphB2 by amyloid-b oligomers involves direct binding of amyloid-b oligomers to the FN repeats domain of EphB2 and EphB2 degradation in the proteasome. Reduction of EphB2 mRNA may have an additional role.
Our results and those of others indicate that neuronal EphB2 depletion causes deficits in learning and memory by impairing NMDAreceptor functions (Supplementary Fig. 1 ). EphB2 modulates NMDA receptors by tyrosine phosphorylation and recruits active NMDA receptors to excitatory synapses [10] [11] [12] . EphB2-deficient mice have LTP deficits 10, 14 and fewer NR1 subunits in the postsynaptic density 10 . Our results are consistent with these findings, although LTP deficits after shRNA knockdown of EphB2 in adult nontransgenic mice were more severe than those in EphB2-deficient mice. Other members of the large Eph family might partially compensate for EphB2 ablation during early development. The more severe deficits after acute EphB2 knockdown in adults probably reflect the lack of such compensation. 
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Modulation of other LTP-related proteins also results in different outcomes, depending on when it is initiated 31 . Amyloid-b may impair LTP by inducing internalization of NMDA receptors 32, 33 . We found that depletion of EphB2 contributes to the amyloid-b-induced decrease in NMDA receptors and that increasing EphB2 expression markedly improves LTP and memory even in the presence of high amyloid-b levels. Increased EphB2 levels probably increasesurface NMDA-receptorexpression. Indeed, increasing neuronal EphB2 expression reversed amyloid-b-induced deficits in NMDAreceptor-mediated synaptic strength.
Opposition of amyloid-b-induced surface depletion of NMDA receptors is the most parsimonious interpretation of the EphB2-mediated rescue effects (Supplementary Fig. 1 ). However, amyloid-b may impair LTP and memory through alternative processes, and increased expression of EphB2 may counteract amyloid-b effects also through downstream signalling mechanisms.
Manipulating individual functional hubs of neurons can profoundly affect a larger network 34, 35 . Even manipulating an individual neuron can affect the global brain state 36 . Thus, improving the function of a subset of neurons might allow an impaired brain region to better support specific behaviours. The current study supports this hypothesis: increasing EphB2 expression in a subset of granule cells improved dentate gyrus LTP and learning and memory in hAPP mice. It remains to be determined whether EphB2 depletions contribute to amyloid-b-dependent impairments in other brain regions and whether increasing neuronal EphB2 levels in these regions is tolerated as well as it was in the dentate gyrus. If so, pharmacological treatments might be used to increase EphB2 expression or activity. Our results indicate additional entry points for interventions (Supplementary Fig. 1 ). For example, it may be possible to identify small molecules that block the binding of amyloid-b oligomers to EphB2's FN repeats domain, prevent proteasomal degradation of EphB2, or improve its interactions with NMDA receptors.
METHODS SUMMARY
General. Unless indicated otherwise, all data reported in this paper were obtained in blind-coded experiments, in which the investigators who obtained the data were unaware of the specific genotype and treatment of mice, brain slices and cell cultures. For number of mice, slices and cell cultures analysed in each experiment, refer to Supplementary Table 1. For experimental details related to each figure legend, refer to Supplementary Table 2 . Experimental models. Heterozygous transgenic and nontransgenic mice were from hAPP line J20 7, 8, 37, 38 . Primary neuronal cultures from wild-type rats were treated with medium conditioned by CHO cells that do or do not produce human amyloid-b oligomers (Supplementary Figs 14 and 15 and refs 39, 40. ). Experimental manipulations. Lentiviral constructs directing neuronal expression of no transgene products, EphB2-Flag, or GFP in combination with antiEphB2 shRNAs or scrambled control shRNA were injected stereotactically into the dentate gyrus of mice 20, 41 . Neuronal cultures were infected with some of these constructs and stimulated with Fc-ephrin-B2 or Fc control 12, 42 . Outcome measures. The interaction between biotinylated or naturally secreted amyloid-b oligomers and EphB2 was assessed under cell-free conditions and in neuronal cultures of primary neurons or HEK cells by pull-down with avidin agarose beads 43 or immunoprecipitation and western blot 44 . EphB2 and NR1 levels in brain tissues or neuronal cultures were determined by immunoprecipitation and western blot or western blot alone 44 . Corresponding transcripts were measured by quantitative polymerase chain reaction with reverse transcription (RT-qPCR). Fos expression in neuronal cultures was determined by western blot 44 . Field recordings 8 or whole-cell patch-clamp recordings 45 from acute hippocampal slices were used to determine synaptic strength (fEPSP I/O relationships; mediated by either AMPA receptors or NMDA receptors), synaptic plasticity (LTP), and NMDA-receptor:AMPA-receptor ratios of EPSCs at the medial perforant path to dentate gyrus granule cell synapses. Learning and memory were assessed in the Morris water maze, novel object recognition test, novel place recognition test, and passive avoidance test [46] [47] [48] [49] . Amyloid-b levels in the dentate gyrus of hAPP-J20 mice were determined by ELISA learning and memory deficits in hAPP mice. a, Learning curves during spatial training in the Morris water maze. The latency for each mouse to reach the hidden platform was recorded. Trial 1 represents performance on the first trial, and subsequent sessions represent the average of two training trials. Lentiempty treated hAPP mice had longer latencies and travelled farther (not shown) to find the hidden platform than all other groups (P , 0.0001, repeatedmeasures ANOVA). b, Representative paths from the last session of hiddenplatform training. c, Time it took mice to reach the target platform location during a probe trial (platform removed) 24 h after the last hidden-platform training. *P , 0.05, **P , 0.01 versus first bar or as indicated by bracket (oneway ANOVA followed by Bonferroni post-hoc test). d, Object recognition memory as reflected by the percentage of time mice spent exploring a familiar versus a novel object during a 10-min test session. **P , 0.01, ***P , 0.001 versus familiar object (paired t test). e, Spatial location memory as reflected by the percentage of time mice spent exploring familiar objects whose locations were or were not altered. **P , 0.01 versus familiar place (t test). f, Passive avoidance memory. *P , 0.05, **P , 0.01, versus training or as indicated by bracket (one-way nonparametric Kruskal-Wallis test followed by Dunn's post test). n 5 9-12 mice per genotype and treatment. Values are means 6 s.e.m.
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